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The solitary progressive provisioning wasp Synagris cornuta, a mem-
ber of the subfamily Eumeninae (basal to eusocial vespid wasps),
alternates between behavioral states characterized as queenlike and
worker-like. Akin to a queen in eusocial wasps, a S. cornuta female
initiates construction of a cell into which she oviposits and then,
similar to a worker, cares for the brood as it develops. The ovarian
groundplan (OGP) hypothesis for caste origins predicts that these be-
havioral states are associated with cyclical changes in ovarian status,
where females performing queenlike tasks have eggs and those per-
forming worker-like tasks possess only small oocytes. Our ﬁndings
show strong support for the OGP hypothesis: the ovaries of S. cornuta
females undergo differential oogenesis depending on the behavioral
phase: the largest oocyte in the ovaries of females building a cell prog-
resses faster compared to that of females attending brood. Yet contrary
to the OGP hypothesis, neither juvenile hormone nor ecdysteroids is
associated with the reproductive cycle. Finally, the cuticular hydrocar-
bon proﬁle showed no link with ovarian status, suggesting that fertility
signals evolved subsequent to the emergence of group living.
Keywords: ecdysteroids, juvenile hormone, ovarian groundplan hy-
pothesis, reproductive groundplan hypothesis, Vespidae.
Introduction
The origin of novel traits is largely achieved through the
reordering of old, conserved modules within the context
of organismal development (West-Eberhard 1996, 2003).
Such change can occur at the macroevolutionary scale, in-
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ticity. A good illustration of such evolutionary recruitment is
how caste phenotypes (queens and workers) likely emerged
from a decoupling of an ancestral reproductive cycle operat-
ing in their solitary ancestors. In social vespid wasps, for ex-
ample, the egg-laying, reproductively dominant queen initiates
cell construction and oviposits, whereas the facultatively ster-
ile worker has inactive ovaries and performs tasks relating to
brood care. As highlighted by the ovarian groundplan (OGP)
hypothesis (West-Eberhard 1987, 1996), these basic caste-
speciﬁc behavioral repertoires are also expressed in solitary
vespids but with themajor distinction that they are performed
by a single female in chronological sequence: she builds a cell,
lays an egg, and with her ovaries diminished after oviposition,
protects and provisions the brood. The ovarian cycle is as-
sumed to be accentuated in solitary progressive provisioning
species, that is, in those wasps that feed their growing larvae
continuously as they develop. They oviposit much less fre-
quently and have fewer oocytes compared to solitary mass
provisioning wasps that provide a complete supply of food
to their young before or shortly after laying an egg (Iwata
1964; reviewed in O’Neill 2001). Furthermore, the continued
physical contact of the progressively feeding femalewaspwith
her immature offspring is thought to have been a stepping-
stone toward the evolution of social behavior (Wilson 1971).
The OGP hypothesis predicts that progressive provision-
ing vespids have smaller oocytes when engaged in brood-
care activities, a widespread association in eusocial species.
The OGP hypothesis thus argues that what was and still is ex-
pressed cyclically in a single phenotype in nonsocial wasps
became dissociated into twomutually dependent, noncyclical
phenotypes, where one caste lacks (and compensates for)
the distinct suite of characters expressed in the other (see
West-Eberhard 1996). In its most simple form, the OGP2.125.002 on September 02, 2019 00:55:05 AM
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E28 The American Naturalisthypothesis predicts that the ovaries of solitary progressive
provisioning wasps alternate between egg-possessing and
non-egg-possessing states. Yet plasticity in the cycle should
also be expected, as it would be disadvantageous for a fe-
male to lose her brood and endure a long delay before re-
commencing the reproductive cycle. In this case, the posses-
sion of at least one nearly or fully formed egg throughout
the reproductive cycle is envisaged, with the ovaries none-
theless showing phase-speciﬁc oogenesis. Obviously, this is
not a complete alternative to the OGP hypothesis but rather
an extension. An alternative hypothesis to the OGP would
predict that the ovaries of a solitary progressive provision-
ing wasp show no relationship with behavior and/or contain
multiple eggs throughout the reproductive cycle (i.e., as in
mass provisioning species).
Support for the OGP framework, as well as for the above-
mentioned extended version, comes from the observation
that ovary-correlated changes in behavior are evident within
workers as they age. This widespread behavioral sequence,
called temporal polyethism, characterizes many wasps, bees,
and ants and may owe its origin to the ovarian and behav-
ioral maturation of ancestral solitary females (West-Eberhard
1996). In eusocial paper wasps, for example, young workers
with activated ovaries perform queenlike activities, such as
building, and only later, in concomitance with ovarian re-
gression, transit to energy-demanding tasks outside the nest,
namely, foraging (West-Eberhard 1981; O’Donnell 2001).
This sequence of tasks, underlaid and likely affected by a
change in ovary size, mirrors the behavioral maturation of a
solitary wasp in her ﬁrst reproductive cycle (West-Eberhard
1996).
Key to assessing the OGP hypothesis is the identiﬁca-
tion of factors that regulate the maturation (both ovarian
and behavioral) and the reproductive cycle of solitary hyme-
nopterans that progressively provision. The OGP hypothesis
already predicted that juvenile hormone (JH), a widespread
gonadotropin in solitary insects and primitively eusocial wasps,
is centrally involved. Nonetheless, in its original version, the
OGPhypothesiswas essentially based on behavioral data; with
the advance in understanding of hormonal control of the fe-
male reproductive cycle of insects, it came to include molecu-
lar factors and gained an important reformulation as the repro-
ductive groundplan (RGP) hypothesis (Amdam et al. 2004).
Other factors currently under discussion in the context of
a molecular tool kit concept version of the RGP hypothesis
are the insulin/target of rapamycin signaling pathways, JH,
ecdysteroids, and the yolk precursor protein vitellogenin
(for references, see Corona et al. 2015). Nevertheless, the
basic prediction of West-Eberhard (1996) that the ovaries
of solitary progressive provisioners cycle between reproduc-
tive and nonreproductive phases has never been tested.
In nonsocial insects that show a pronounced ovarian cy-
cle, such as cockroaches, tsetse ﬂies, and others, there is ev-This content downloaded from 146.23
All use subject to University of Chicago Press Termidence of a marked rise and fall of JH during ovarian mat-
uration, which is essential for normal development (Tobe
and Stay 1977; Stay and Tobe 1978; Baumann et al. 2013).
In turn, ovarian growth is important for regulating JH bio-
synthesis (Stay and Tobe 1981). Might a similar mechanism
have evolved in solitary progressive provisioning vespids,
especially those species that take weeks to complete their re-
productive cycle? Given that JH is important or is at least
associated with cell building in a number of eusocial wasps
and bees (Röseler et al. 1985; Shpigler et al. 2014), the surge
of JH is expected to occur when a solitary progressive pro-
visioning female is building her cell. It is also possible that
JH drives transitions in nesting behavior in solitary wasps,
just as it does in workers of independently derived euso-
cial Hymenoptera. Two major hypotheses have been pro-
posed in this respect. The novel-function hypothesis states
that JH became neofunctionalized as a regulator of age
polyethism in wasps, bees, and ants (i.e., JH had no role
in brood-care activities in the solitary ancestor, and the
worker-speciﬁc functions of JH are independently de-
rived). The split-function hypothesis, on the other hand,
argues in favor of dual functions for JH in the solitary an-
cestor, one gonadotropic and one involved in brood care,
and that these may have evolved prior to and were impor-
tant for the recurrent evolution of a temporal polyethism
in the Hymenoptera (Giray et al. 2005). An implicit pre-
diction of the split-function hypothesis is that JH levels
(or its receptor) will ﬂuctuate according to the behavioral
phase in a solitary progressive provisioning wasp. Other
regulatory factors in the hemolymph that may also be in-
volved in reproductive behavior are ecdysteroids, ovarian-
produced hormones that are associated with reproductive
behaviors in some social bees and wasps (Röseler et al.
1985; Geva et al. 2005; Hartfelder and Emlen 2012). We
would therefore expect the ecdysteroids in the hemo-
lymph, if present, to correlate with the size of the ovaries.
Besides the co-option of these endocrine regulators of
fertility, another important aspect to the evolution of so-
cial organization in insects is the communication of the
reproductive status of the dominant female toward the
subdominant helpers through behavioral (aggression) or
chemical means or a combination of both in inducing ste-
rility. Saturated cuticular hydrocarbons (CHCs) are the
most common fertility cue in solitary through derived so-
cial insects and show large degrees of evolutionary conser-
vatism (van Oystaeyen et al. 2014). In most eusocial vespids
that have been studied, and in most eusocial Hymenop-
tera, relative ovarian development is linked to an individu-
al’s CHC proﬁle (Turillazzi et al. 2004; Kelstrup et al. 2014b).
These so-called fertility cues may have evolved as a by-
product of the ovarian cycle in presocial hymenopterans
and be intrinsically linked to hormone cycles. We would
therefore expect a tight link between ovarian development,2.125.002 on September 02, 2019 00:55:05 AM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).
Behavior and Reproduction of S. Cornuta E29hormone cycles, and the CHC proﬁle, which is ostensibly in
line with the OGP framework. Alternatively, these cues are
derived from sex pheromones of solitary insects, and only
after group living evolved were these compounds second-
arily co-opted to signal dominance or induce sterility in
subordinates (for a full discussion, see Oi et al. 2016). In
this case, there would be no predicted linkage between
CHCs and the ovarian cycle in solitary progressive provi-
sioning wasps but rather differences between nonmated
and mated females.
So while there is clear interest for hypotheses on the evo-
lution of social behavior in insects, the rarity of solitary pro-
gressively feeding vespids in nature goes a long way toward
explaining why physiological work on them is essentially
lacking. Within the Eumeninae, the subfamily basal to all
or most eusocial vespids (Hines et al. 2007; Pickett and Car-
penter 2010; Hermes et al. 2014), only a few species are known
to progressively provision their brood (West-Eberhard 1978;
O’Neill 2001), all of which are tropical, including the four spe-
cies of the casteless, group-living eumenines (West-Eberhard
2005). Still rarer are species that are full progressive provi-
sioners (Cowan 1991), which, like eusocial vespids, provision
their larvae until they stop eating and are fully grown. Full
progressive provisioning is known to occur in only one eu-
menine, the Afrotropical eumenine Synagris cornuta, whose
females masticate hunted prey to a pulp before passing it to
the mouth of the larva (as illustrated in ﬁg. 2.7 of Cowan
1991), a behavior otherwise restricted to eusocial wasps (Rou-
baud 1910; Longair 2004). For this reason, S. cornuta has long
been cited as an important species for the study of hypothet-
ical caste origins (Roubaud 1910; Bequaert 1918; Wheeler
1923;Wilson 1971; Cowan 1991;West-Eberhard 1996; Long-
air 2004; Hunt 2007). Yet, since 1918, only one article with
original data on female behavior of S. cornuta (Longair 2004)
has been published, and the primary focus of this work was
on the behavior and tusk morphology of males (ﬁg. A1A,
A1B; ﬁgs. A1–A6 are available online). Here, in what is the
most direct and complete assessment of the OGP hypothesis
to date, we set out to determine whether oocyte growth is de-
pendent on the behavioral phase of S. cornuta. We also tested
whether changes in JH levels and/or the ecdysteroid titer
associate with the ovarian cycle, reproductive status, and be-
havioral phenotype. Finally, we searched for mating-, phase-,
ovary-, and hormone-correlated CHC patterns to assess
hypotheses regarding how queen pheromones might have
originated in the Hymenoptera.Material and Methods
Field Observations
Fieldwork on Synagris cornuta (Hymenoptera: Vespidae:
Eumeninae) was conducted within a 3-km radius of the In-This content downloaded from 146.23
All use subject to University of Chicago Press Termternational Stingless Bee Centre (ISBC; http://www.stingless
beecenter.com) in Abrafo, Ghana, from June 9 to August 8,
2013. Nests were most commonly found attached to the
undersides of man-made structures (ﬁg. A1A, A1C) close to
or inside forest areas, the sloping undersides of large cacti
(ﬁg. A1D), and especially, the undersides of sturdy African
oil palm fronds (ﬁg. A1E). All nests were studied in situ,
and those females studied for a week or more were marked
with Sharpie (Oak Brook, IL) paint pens. Virtually all the ac-
tive nests were monitored daily or on alternating days, where
at any given moment in time, the activity of the female, if
present, was recorded. Behaviors (or positions) of a female in-
cluded (1) ensconced in the brood cell, with head facing out-
ward (as in ﬁgs. 1B, ﬁg. A1C, A1C), (2) on the surface of the
nest (e.g., walking, resting, inspecting the cell), (3) ﬂying to or
from the nest, (4) cell building (ﬁg. 1B), (5) cell sealing (fe-
male closing the cell with mud; ﬁg. A1F), or (6) absent. The
recordings of these events were separated by at least 30-min
intervals, amounting to a total of 4,445 observations from
85 nests. For all cells that could be visually inspected (∼85%
of cells), the presence or absence of an egg was also checked.
Of the 85 nests, 12 nests were observed consecutively for
2–5 days, 33 for 6–10 days, 24 for 11–19 days, and 16 for
20–49 days (meanp 12:5 days, medianp 9 days of ob-
servation). Females were observed to be active (i.e., away
from the nest) as early as 06:30 (∼30 min after sunrise dur-
ing study period) and as late as 18:00 (∼20 min before sun-
set) but were more often present (63%–82%) at the nest be-
fore 07:00 and after 17:30. For each time point between
07:30 and 17:00, females were present for ∼50% of event
recordings, showing no obvious circadian trend in time
spent away from the nest (ﬁg. A2). Therefore, only event
recordings made within this period (np 4,189) were used
for calculating the overall percentage of time females (of a
given phase) spent in, on, or away from the nest.
The event recordings were supplemented with sustained
observations of focal females that nested in close proximity
to others (up to four active nests within a 2 m3 space, but
with each nest separated by 10.2 m), affording the ability
to observe several females and their respective nests simul-
taneously.
Based on the event recordings of all females and the
sustained observations of focal females, the behavioral cycle
of free-living S. cornuta females could be split into four
distinct sequential, repeating phases: cell building → egg
guarding→ larval provisioning→ cell sealing. We collected
females in the ﬁrst three phases to investigate differences in
physiological parameters that might correspond to caste-like
phenotypes in eusocial wasps. Moreover, the cell-sealing phase
was brief (see “Results”) and infrequently observed. All free-
living wasps were captured in the afternoon (12:00–17:00)
with a net or by placing a glass vial over the female while she
was inside the cell or on the nest.2.125.002 on September 02, 2019 00:55:05 AM
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Behavior and Reproduction of S. Cornuta E31Unattended nests with closed cells (e.g., from females
taken for physiological study) were removed and brought
to the ISBC and placed in a cubic wooden frame (50# 40#
40 cm) with mesh sides. Each day, the box was regularly
checked for emerged adults. Newly emerged females (np 6),
which were never observed to emerge after 10:00, were
bled (see below) within 2.5 h of daybreak.Juvenile Hormone Quantiﬁcation
For hemolymph sampling, all wasps (np 65) were imme-
diately buried in ice where they were cold immobilized and,
within 2 h, bled according to established methods for wasps
(Kelstrup et al. 2014a). Only four of six newly emerged
females were successfully bled, with 2–12 mL of hemolymph
removed from between the abdominal sternites with a ﬂame-
tapered capillary tube. When more than 3 mL of hemolymph
could be withdrawn, the hemolymph was split into two por-
tions: one was transferred into 500 mL of acetonitrile for JH ra-
dioimmunoassay (RIA) and the other into 500 mL ofmethanol
for ecdysteroid RIA. Both sample types were stored in 2-mL
Teﬂon-capped glass vials. For JH measurement, which was
done for each female bled, at least 2mLof hemolymphwas used
(meanp 4:0 mL); for ecdysteroid measurements, at least
1 mL (meanp 2:4 mL) was used.
For the JH RIA, we used (10-3H[N])-JH III (speciﬁc ac-
tivity 19.4 Ci/nmol; Perkin Elmer Life Sciences, Waltham,
MA), JH-III (Fluka, Munich), and a JH-speciﬁc antise-
rum (Goodman et al. 1990). For the ecdysteroid RIA, we
used (23, 24-3H[N])ecdysone (Perkin Elmer, speciﬁc ac-
tivity 102 Ci/mmol), an antiserum prepared against a hemi-
succinate derivative of ecdysone (Bollenbacher et al. 1983;
Feldlaufer and Hartfelder 1997), and 20-hydroxyecdysone
(20E; Sigma, St. Louis).Cuticular Hydrocarbon Analysis
After bleeding, the entire individual was then placed in
a vial containing 2 mL of 97% hexane for 2 min to ex-
tract the CHCs. The CHC extracts were concentrated to
∼100 mL using a stream of pure nitrogen, and 1 mL of this
extract was injected into an Agilent 6850 gas chromato-
graph (GC). The GC system was ﬁtted with a splitless inlet,
ﬂame-ionization detection, and a DB-5 capillary column
(30m# 0.32 mm# 0.25-mm ﬁlm thickness; Agilent Tech-
nologies, Santa Clara, CA). The injection port and the
detector were set at 2907C and 3207C. Helium was used
as the carrier gas at a ﬂow rate of 30.4 mL/min, with nitro-
gen acting as the makeup gas. The temperature was pro-
grammed as follows: 1 min at 1507C, increased (157C/min)
to 2507C, and then more slowly increased (37C/min) to
3107C, where the temperature was held for 30 min. GasThis content downloaded from 146.23
All use subject to University of Chicago Press Termchromatograms were generated using GC ChemStation soft-
ware (Rev. A.09.03, Agilent Technologies, 1990–2002).
Representative sampleswere then analyzed byGC-coupled
mass spectrometry (GC/MS) using anAgilent GC 6890Nwith
a 5975 MSD ﬁtted with a ZB-5MS Guardian (30 m, 0.25 mm
ID, 0.25-mm ﬁlm thickness) ZB 7HG-G010-11 column. An
authentic C7– C40 straight-chain hydrocarbon series (Supelco
Analytical, Bellefonte, PA) was used as a standard to identify
n-alkanes. Nonlinear alkanes were identiﬁed by analyzing the
fragmentation patterns of the EI-MS and the presence of di-
agnostic ions (see Blomquist et al. 1987). The position of dou-
ble bounds in alkenes and alkadienes was not determined.Assessment of Ovary Status
After the brief hexane extraction for CHC analysis, the ova-
ries were dissected from the abdomen, placed in cold
Ephrussi-Beadle Ringer’s solution (7.5 g NaCl and 0.35 g
KCl/L distilled water), and photographed alongside a scale
with a Canon PowerShot camera (Canon, Tokyo). Oocyte
area (not including the adjoining trophocyte chamber)
was measured using ImageJ 1.45 (NIH, Bethesda, MD;
Abràmoff et al. 2004). This work was done without a mi-
croscope, so we were unable to verify whether the sper-
matheca contained sperm or not.Statistic Analysis
To test for differences in oocyte growth and hormone titers
between the four female categories, a Kruskal-Wallis H test
was used, followed by the Steel-Dwass all pairs test, a non-
parametric equivalent to the post hoc Tukey’s honest signif-
icant difference test, using JMP 11.1 (Cary, NC). A general
linearized mixed model (GLMM) was performed on SPSS
23 (IBM, Armonk, NY) to determine whether the date of
collection inﬂuenced JH titers. To evaluate whether oogen-
esis progresses at a constant rate, which involved the area
measurements of nine oocytes (three oocytes from each of
three behavioral phases), only 8 of the 36 comparisons were
appropriate for a statistical test. In this case, we used Bonfer-
roni corrections to adjust the P level of signiﬁcance to .0063
(see “Results”). CHCs were quantiﬁed by determining their
peak areas in the chromatograms. We excluded small peaks
(!0.1%) only if they were unidentiﬁable as hydrocarbons
and were not associated with a group (i.e., only hydrocar-
bons were consistently detected). In cases where a peak was
undetectable, we assigned a proportional area percentage of
0.001%. The compound percentage for each sample was then
adjusted to 100%, and all percentages were subjected to log
ratio transformation (Aitchison 1982). To discriminate the
CHC proﬁles of female categories, we performed principal
coordinate analyses (PCoA) using a PerMANOVA test in R2.125.002 on September 02, 2019 00:55:05 AM
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10,000 permutations.Results
Behavior
Synagris cornuta females required 13–21 days to raise their
brood from oviposition to the cell-sealing larval stage
(np 12, meanp 16:7, medianp 16:5), a period inter-
mediate between that of populations from Cote d’Ivoire
(11–14 days; Longair 2004) and the Republic of Congo
(∼4 weeks; Roubaud 1910). The duration of brood rearing
increased throughout the study period (Pearson’s r p 0:88,
Pp :0007), a correlation that may in part be explained
by the ∼2.57C drop in ambient temperature from early
June to early August (np 61 days, Pearson’s r p20:88,
P ! :0001; average daily temperature in Abrafo: 25.47C
[rangep 227–327C]).
Based on event recordings and sustained focal observa-
tions, the behavioral cycle of free-living S. cornuta females
could be split into four distinct sequential phases: cell
building, egg guarding, larval provisioning, and cell sealing
(ﬁg. 1A).
Cell Building. Brood cell construction was characterized
by frequent mud-collecting trips and required 1.5–2 days
to complete (ﬁg. 1B), a period intermediate between that
reported by Longair (2004) and Roubaud (1910; ∼1 and
2–3 days, respectively). We twice observed the construction
of a cell from its initiation: one cell built adjacent to a recently
sealed cell (ﬁg. 1B) and another cell built in isolation (i.e., a
new nest). Each required at least 100 trips with mud, occur-
ring at a rate of up to 12 trips/h. Oviposition occurred be-
fore the completion of cell construction, just prior to the ad-
dition of the turret or neck of the cell (ﬁg. 1B). To our
knowledge, this is the ﬁrst time that this behavior, which
is common in eusocial species, has been observed in a solitary
eumenine wasp (Cowan 1991; O’Neill 2001). As reported by
others (Roubaud 1910; Longair 2004), the egg is suspended by
a silk thread deep inside the cell (ﬁg. A1G).
Egg Guarding. A female tending a cell containing an egg
spent the majority of the day ensconced within the cell or
on the nest (81.6% of the total 347 event recordings [see
ﬁg. 1C] and 88.3% of the time based on 21 h of focal obser-
vations of three egg-possessing females), corroborating the
largely anecdotal observations of Roubaud (1910) and Lon-
gair (2004). As noted by Roubaud (1910), females were never
observed to return with caterpillars during this phase, and
only one of 18 egg-containing cells inspected after adult re-
moval contained caterpillar parts, and this cell contained an
egg that was near hatching (e.g., the segments of the larvaThis content downloaded from 146.23
All use subject to University of Chicago Press Termwere visible through the chorion). The larva hatched 4–5 days
after oviposition, whereupon the larva would move to the
bottom of the cell.
Larval Provisioning and Cell Sealing. Concomitant with
the hatching of the larva, females began spending more
and more time away from the nest, so that from day 8 after
oviposition (or ∼4 days posthatch), females were present
for only 16.6% of the total 477 event recordings (see
ﬁg. 1C). Focal females observed with brood over 8 days
old (np 8 nests) were present 24.0% of the time (for a vi-
sual portrayal of activity of one cluster of three larval pro-
visioning females, see ﬁg. A3). Caterpillars were brought to
the nest, either whole or masticated into paste, and depos-
ited into the cell (cf. Roubaud 1910 and Longair 2004,
where whole prey were never observed). Many of the cat-
erpillars delivered to the nest were crushed (body appear-
ing ﬂattened with the cuticle still intact), but it was not clear
if all prey were dead on arrival (i.e., some may have been
only paralyzed). Nonetheless, as evident from the larva-
containing cells that were removed (np 26), no stash of
excess intact caterpillars was present. Therefore, the day-
by-day increase in female activity off the nest is likely ex-
plained by the hunting behavior of females provisioning
the growing larva with more and more food. The larval-
provisioning phase concluded when the turret was decon-
structed with foraged water, and the resulting mud reused
to seal the cell (ﬁg. A1F), a process that could be completed
within 2 h.
Cell Reuse and Offspring Mortality Unite.Most nests (76.4%)
contained several cells (up to eight), and as reported by Lon-
gair (2004), only the newest cell was used for brood rearing.
Of the 37 cells that were sealed, 70.3% of the females remained
on the nest to construct a new cell, which always adjoined the
recently sealed one (as in ﬁg. 1B). The only cells to be reused for
brood rearing were those that were never sealed (i.e., the orig-
inal brood had perished and was replaced by an egg); cells that
were vacated by emerging adults were never reused for brood
rearing. In the one instance a vacated cell was occupied, it was
by a broodless female with fully regressed ovaries residing
in a very worn (i.e., probably old) inactive nest. Cell reuse
for brood rearing by a female suspected not to be the orig-
inal builder was observed only once, and neither cell usur-
pation nor prey stealing was observed.
A stark change in the daily behavior of a mother that did
not switch cells, from being mostly absent (foraging) to be-
ing mostly ensconced (guarding) in the cell, was a reliable
sign of larva mortality, conﬁrmed by the appearance of an
egg inside the cell no sooner than 3 days later. Most brood
survived until the cell sealing stage, while 32.7% (np 55)
of brood was lost. Five instance of brood loss (two old lar-
vae, two younger larvae, and one egg) were due to the com-2.125.002 on September 02, 2019 00:55:05 AM
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In 12 cases, the brood (np 7 older larvae, four younger lar-
vae, and one egg) was lost but the cell was undamaged. Ants
were found to occupy three of the larva-possessing cells (e.g.,
ﬁg. A1H), and brood killing was observed once, where the
mother was seen to bite, sting, and remove a very large larva,
dropping it from the nest as she ﬂew away (ﬁg. A1I). The
causes of egg and young larva mortality were not observed.
Focal Observations of Close-Nesting Females. Focal obser-
vations were mostly restricted to nests that were located
within 0.2–2.5 m of one another. In 62.5 h of observation
of three separate nest clusters consisting of 2–4 active nests
(equating to 202 h of individual nest observation) and ad-
ditional casual daily observations over the 2-month period
of study, no social interaction or nest interlopers were ob-
served. In fact, the only time two females were observed on
the same nest was when a newly eclosed female emerged
from her cell, while her putative mother was ensconced in-
side a brood-possessing cell. Two males, jostling for posi-
tion, immediately seized the virgin female at emergence
and fell to the ground. The mother remained inside her cell
the entire time.Ovarian Growth according to Phase and Mating Status
As with all social vespids, S. cornuta has three ovarioles
per ovary. Most sets of ovaries had three or four discernible
oocytes in different stages of development (ﬁg. 2B). TheThis content downloaded from 146.23
All use subject to University of Chicago Press Termovaries of all free-living females collected had yellow bodies
that are likely to represent relics of previously laid eggs
(Tyndale-Biscoe 1984) or resorbed eggs (Bell and Bohm
1975). Therefore, we refer to these females, which encom-
passed all behavioral phases described above, as reproduc-
tive females. Newly emerged females, which emerged from
ﬁeld-collected nests placed in a cage, lacked yellow bodies
and had relatively small oocytes. Each female (np 6) pos-
sessed one or two vitellogenic oocytes (all of which were
!30% of the area of a mature oocyte) with intact adjoin-
ing trophocyte chambers, indicating that newly emerged
females require at least a few days of maturation before their
ﬁrst oviposition.
When comparing the summed areas of the three larg-
est oocytes of females, there was a signiﬁcant difference
according to behavioral phase (egg guarding, larva provi-
sioning, and cell building; Kruskal-Wallis H test: np 57,
H(2)p 31:52, P ! :0001). Cell builders had a 46% larger
summed oocyte area than larval provisioners (Steel-Dwass
all pairs test: Z p 4:11, P ! :0001), and larval provisioners
in turn had 35% larger oocytes than egg guards (Z p 3:64,
Pp :0008). To determine whether oogenesis is constant
throughout the reproductive cycle or discontinuous and de-
pendent on the behavioral phase, we compared the area of
an oocyte as it would progress from being the smallest to
the largest oocyte in the reproductive cycle. This includes
eight comparisons, that is, from the third-largest oocyte of
the egg guard (smallest oocyte in reproductive cycle) to
the largest oocyte, the incipient egg, of the cell builder (seeFigure 2: Oocyte growth through the behavioral phases of Synagris cornuta. A, The three largest oocytes from each phase were measured,
with sample size shown. The boxplots show the median and the inner two quartiles; the whiskers indicate the 1.5 interquartile range. Lines
indicate the growth trajectory of a given oocyte, and thickened lines indicate a signiﬁcant difference between oocyte areas. B, A photograph of
a well-developed ovary of a cell builder, with the three largest oocytes indicated. Yellow asterisks at the base of the ovarioles indicate yellow
bodies, likely to be relics of past ovipositions (Tyndale-Biscoe 1984).2.125.002 on September 02, 2019 00:55:05 AM
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in oocyte area were found between the behavioral phases:
the second-largest oocyte between egg guards and larval
provisioners (Pp :0037) and the largest oocyte between
larval provisioners and cell builders (Pp :0014; ﬁg. 2A).
Thus, while the largest oocyte of a cell builder exhibits accel-
erated growth, the smaller oocytes would not. Conversely,
the second-largest oocyte appears to grow most rapidly in
the larval-provisioning phase. Data for oocyte area (mm2)
are deposited in the Dryad Digital Repository: http://dx
.doi.org/10.5061/dryad.2v0hj (Kelstrup et al. 2018).JH and Ecdysteroid Titers according to Phase and Age
The hemolymph JH titer did not differ between egg guards,
larval provisioners, cell builders, and newly emerged fe-
males (Kruskal-Wallis H test: np 62, H(3)p 2:55, Pp
:47; ﬁg. 3A). Additionally, there was no correlation with
summed area of the three largest oocytes (np 62 females;
Spearman’s rp20:12, Pp :36) or with the largest oocyte
(np 62; Spearman’s rp20:11, Pp :4). To take into ac-
count potential day-to-day variation in JH titers among re-
productive females (np 57), we also performed a general
linearized mixed model (GLMM) analysis using phase as a
ﬁxed effect and date (of collection) as a random effect (at-
tempts were made to collect females from each phase on any
given day). Again, there was no difference (F2, 54 p 1:69, Pp
:19; date had no effect).This content downloaded from 146.23
All use subject to University of Chicago Press TermThe ecdysteroid titer, on the other hand, did differ be-
tween female categories (Kruskal-Wallis H test: np 59,
H(3)p 15:63, Pp :001; ﬁg. 3B), with newly emerged fe-
males (despite the small sample size) having signiﬁcantly
higher titers than each of the three reproductive female
subtypes (Z p 2:922 3:0; P ! :02). Notably, the ecdyste-
roid titers were very low and invariable in reproductive fe-
males, irrespective of phase (ﬁg. 3B), and so a GLMM was
not performed. Finally, there was no relationship between
ecdysteroid titer and summed oocyte area (np 57 females;
Spearman’s rp20:19, Pp :16). Data for both ecdyste-
roid and JH titers are deposited in the Dryad Digital Repo-
sitory: http://dx.doi.org/10.5061/dryad.2v0hj (Kelstrup et al.
2018).Cuticular Hydrocarbon Proﬁles of Females
A total of 42 hydrocarbon peaks were detected (see ﬁg. A4).
The average CHC proﬁle consisted of alkenes (60.57%
of total composition), linear alkanes (33.84%), alkadienes
(5.27%), and monomethyl-alkanes (0.32%). The CHC pro-
ﬁle of newly emerged females did not signiﬁcantly differ
from that of reproductive females (PerMANOVA test:
pseudo‐F p 3:32, Pp :076; ﬁg. 4), probably due to the
low sample size for newly emerged females (np 6). A clus-
ter dendrogram analysis based on Euclidean distances and
10,000 bootstrap replicates, however, conﬁrmed that newly
emerged females grouped separately from reproductiveNewly 
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Figure 3: Juvenile hormone (JH) and ecdysteroid titers according to age and phase. A, JH titers did not differ according to behavioral phase
and showed no suggestive difference between newly emerged females and mature, reproductive ones. B, Ecdysteroid titers were highest in the
newly emerged females (asterisks indicate P ! :02) and very low in reproductive wasps. Sample sizes are indicated. The boxplots show the
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Behavior and Reproduction of S. Cornuta E35females (ﬁg. A5). The proportional representation of 17 hy-
drocarbons signiﬁcantly differed between the two types of
females, with all six methyl-branched alkanes being higher
in newly emerged females (ﬁg. A6). Whether the apparent
chemical distinction in young females relates to age or
mating status was not determined. Finally, only one of
the 42 showed hydrocarbon proportions signiﬁcantly corre-
lated with oocyte area (ZZ-C37: Spearman’s rp 0:49; P !
:0001), and no hydrocarbon proportion signiﬁcantly cor-
related with JH titer (Bonferroni correction: P ! :0012).
Data underlying ﬁgure 4 are deposited in the Dryad Digital
Repository: http://dx.doi.org/10.5061/dryad.2v0hj (Kelstrup
et al. 2018).Discussion
The Ovarian Cycle of S. Cornuta: Support for
the Ovarian Groundplan Hypothesis
Our data on the natural history and reproductive physiology
of the solitary progressive provisioning eumenine Synagris
cornuta supports the primary prediction of the OGP hypoth-
esis: the caste-like behaviors expressed in a temporal sequence
in solitary-nesting progressive provisioning wasp are associ-This content downloaded from 146.23
All use subject to University of Chicago Press Termated with differences in ovarian status. When building new
cells, the wasps possess nearly or fully mature oocytes (like
queens in eusocial colonies), and in the egg guarding and
larval-provisioning phase, they possess smaller oocytes (like
workers in eusocial colonies). More importantly, we show that
the predicted growth rate of an oocyte in S. cornuta correlates
with the behavioral phase of the female and the position (or rel-
ative size) of the respective oocyte in the ovary.
Taking the (cyclical) separation of tasks to the extreme,
the queens of eusocial species in colonies containing workers
rarely hunt, despite the presence of brood and, therefore,
persist in the aggressive cell acquisition phase but may also
guard recently laid eggs (West-Eberhard 1981). Consequently,
queens are continuously exposed to the sensory stimulus,
namely, the presence of empty cells, that are thought to acti-
vate ovarian growth and oviposition behaviors (Evans 1966).
On the rare occasion that a vespid queen does perform a for-
aging task, it is as exceptional as it is illustrative: she collects
pulp (or water) used for building but never prey (West-
Eberhard 1969; Kelstrup et al. 2014b), thus supporting the
OGP hypothesis that the cell-initiating phase in solitary wasps
is likely homologous to the queen phenotype in eusocial
vespids (West-Eberhard 1987, 1996).Potential Determinants of the Ovarian Cycle of S. Cornuta
As with most eumenines, the majority of Synagris species
are probably mass provisioners and may complete their re-
productive cycle within a few days (Roubaud 1910, 1916; H.
Kelstrup, personal observation of Synagris analis in St. Lucia,
South Africa). As suggested by Roubaud (1910), the exoge-
nous cue that selectively retards and thus regulates ovarian
development of progressive provisioning Synagris females
may be the presence of a larva. During the protracted larval-
provisioning phase of S. cornuta, the longest oocyte shows lim-
ited growth; only after the cell is sealed and interactions
between mother and larva cease does the oocyte appear to
mature. Yet the second-largest oocyte follows its own rules,
appearing to grow most rapidly in the larval-provisioning
phase and slowing down in the cell-building phase.
Elucidating the environmental and proximate mecha-
nisms that regulate such differential oogenesis in solitary
wasps will be key to a full assessment of the OGP hypothe-
sis. A proximate mechanism underlying such regulation
could be the ecdysteroid production by the follicle epithe-
lium cells of the polytrophic meroistic ovarioles. In previ-
ous studies on ecdysteroid levels in ovaries and hemolymph
of social wasps, we had shown that intraovarian ecdysteroid
levels can be very high while these are not released into he-
molymph (Kelstrup et al. 2014a, 2014b, 2015). How such
intraovarian ecdysteroid signaling may regulate the dy-
namics of critical oogenesis steps is, however, still a dark
spot in insect reproduction, but expression studies of ecdy-Figure 4: Principal coordinate analysis (PCoA) of cuticular hydro-
carbon proﬁles of Synagris cornuta. Axes are represented by principal
coordinates. The centroid is represented by a white circle for each
group, the dashed lines encompass all individuals of the group, and
the lines connect the sample to the group centroid. The centroid of
newly emerged (NE) females is separated from the cluster of mature
reproductive females split, according to phase (EG p egg guards,
LPp larval provisioners, CBp cell builders), although the difference
between NE females and mature ones was not signiﬁcant (see text and
ﬁg. A4).2.125.002 on September 02, 2019 00:55:05 AM
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Drosophila melanogaster (Bellés and Piulachs 2015) indi-
cate that these steroid hormones are ﬁne-tuning several crit-
ical oogenesis steps, including their adjustment to the nutri-
tional status of the females.The Endocrinology of S. Cornuta: Possible Functions for
Juvenile Hormone and Ecdysteroids in the Hemolymph
Given the involvement of JH and ecdysteroids in repro-
duction in insects, in general (Wyatt and Davey 1996),
and a solitary vespid (Tibbetts et al. 2013) and social vespids,
in particular (Jandt et al. 2013; Kelstrup et al. 2015), we
expected that these hormones would be highest in cell build-
ers. Yet, neither of these hormones showed an obvious phase-
related change in titer. Ecdysteroid titers were so low in the
hemolymph of reproductive adults that we doubt these
ovarian-produced molecules are of physiological relevance
outside the ovary itself, for instance, as a factor that would
stimulate fat body vitellogenin production, as seen inmosqui-
toes (Raikhel et al. 2005). The results also strongly suggest
that JH does not coordinate the behavioral and ovarian cycles
in S. cornuta. Rather, it may simply function as a general go-
nadotropin, since ovarian growth occurs in all phases, albeit
at different rates. This means that oogenesis, or fat body vi-
tellogenin production, is not necessarily shut down cyclically
for phases, as it does in insects that produce one ootheca
or oocyte at a time (Tobe and Stay 1977; Baumann et al.
2013). These data also indicate that JH is not associated with
transitions in brood-care activities (e.g., from egg guarding to
larval provisioning) and so do not support the split-function
hypothesis for JH in S. cornuta.
Nonetheless, there are three caveats to consider. First,
the sample size for hormone titers of newly emerged fe-
males was not large enough to allow for an evaluation of
the hypothesis that JH and/or ecdysteroids regulate the
ovarian and/or behavioral maturation of young adults. Sec-
ond, newly emerged and reproductive females were col-
lected at different times of the day, and this could have af-
fected their hormone levels. Third, the behavior of newly
emerged females was restricted due to their emergence
in a cage; for example, they could not disperse. These ca-
veats aside, we suspect that the high ecdysteroid titer of
newly emerged females relates either to the completion of
adult development, emergence behavior, or the regulation
of hydrocarbons that advertise sexual receptivity (see be-
low). JH titers of newly emerged females, on the other hand,
were not strikingly different from those of reproductive
females. What remains to be determined, and will be difﬁ-
cult to evaluate in the ﬁeld, is how these hormones change
as a female mates, matures, and becomes reproductive, as
has been done with some success in the facultatively eu-
social bee, Megalopta genalis (Smith et al. 2013).This content downloaded from 146.23
All use subject to University of Chicago Press TermThe Cuticular Hydrocarbon Proﬁle of S. Cornuta:
No Link with Ovarian Status
Newly emerged (virgin) females had a distinct CHC pro-
ﬁle compared to reproductive ones, with the former show-
ing a higher proportion of methyl-branched alkanes. These
saturated hydrocarbons may, therefore, serve as signals of
virginity and/or age but probably not ovary size, since these
chemicals did not correlate with oocyte area in reproductive
females. Nevertheless, the elevated and highly variable ecdy-
steroid titer of young females (ﬁg. 3B) suggests a mechanism
bywhich the CHCproﬁle of virgin femalesmay be transiently
regulated. In young virgin female house ﬂies, for example, the
ovarian-produced ecdysteroids regulate sex pheromone pro-
duction but are not required for the continued production
of the sex pheromone (Dillwith et al. 1983; Blomquist 2003).
Yet the origin of a fertility-linked pheromone signal, so per-
vasive in social Hymenoptera (Liebig 2010; Oi et al. 2015),
is thought to have been linked to ovarian status and not spe-
ciﬁcally to mating status or age, and this hypothesis receives
support from studies of solitary insects, where ovarian growth
itself has an effect on the CHC chemical proﬁle of a female.
However, our results for S. cornuta revealed that theCHCpro-
ﬁle of reproductive females does not change according to the
reproductive cycle, in contrast to nonsocial insects that mate
repeatedly and have a hormonally driven reproductive cycle,
for example, cockroaches (Liang and Schal 1993), or form
breeding pairs, for example, burying beetles (Scott et al.
2008). Indeed, there would be no obvious adaptive value for
a truly solitary insect that mates once in early adulthood, as
domany eumenines (Budrienë and Budrys 2007), to produce
fertility signals when cycling through the reproductive phases,
since there is no biologically relevant information to convey.
This is highly relevant to the discussion of queen pheromone
origins in theHymenoptera, since themajority of eusocial spe-
cies also mate just once, usually early in adulthood (Thornhill
and Alcock 1983; Strassmann 2001). Therefore, the recruit-
ment of cuticular or glandular odors to reﬂect fertility may
have emerged subsequent to the evolution of social living in
wasps, when communication between regularly interacting
females becomes important (Anderson et al. 2002; Oi et al.
2015). Clearly, the links between sexual receptivity, ovarian
status, and chemical proﬁles in solitary and casteless nest-
sharing hymenopterans merit further investigation, and hy-
potheses on these links should not be based so strongly on
evidence from nonsocial, nonhymenopterans that mate re-
peatedly and have pronounced reproductive cycles.Conclusions
Vespid wasps afford an excellent opportunity to study how
queen and worker phenotypes emerged from solitary an-
cestors in a biologically relevant setting: their natural hab-2.125.002 on September 02, 2019 00:55:05 AM
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itary and social vespids, many of which serve as signposts
for conceivable intermediate stages of social evolution (West-
Eberhard 1978; Cowan 1991; Gadagkar 1991;Hunt 2007). Al-
though we make no claim that Synagris is on its way toward
evolving castes, itmay possess traits that were likely present in
a solitary ancestor of social vespids. Some species of the genus
Synagris, including S. cornuta, can formmassive, dense aggre-
gationsofhundreds of nests, someofwhichare conjoined (Rou-
baud 1910; Bequaert 1918). In our population, however, so-
cial interactions among females were never observed, even
among those nesting near one another.
The queen- and worker-like behaviors of S. cornuta not
only correlated with ovarian status but also the size of par-
ticular oocytes. What remains to be determined are the ex-
ogenous and endogenous factors that control the ovarian
cycle and synchronize it with the behavioral phases. Possi-
bly, the presence of a larva is the environmental cue that
upregulates provisioning behaviors and slows egg growth,
and brood-swap experiments in S. cornuta or other solitary
eumenines will be needed to conﬁrm this. Although OGP-
based molecular tool kit hypotheses regarding JH and ecdy-
steroid functions in a solitary progressive provisioning eu-
menine were not supported, the basic behavioral prediction
of the OGP framework holds: an ovarian cycle of growth un-
derlies the caste-like cyclical phases ofmaternal behaviors ob-
served in a solitary vespid wasp. Furthermore, our results cast
doubt on the hypothesis that fertility-linked CHCs were im-
plicitly already present in the hypothetical presocial ancestor.Acknowledgments
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